Introduction
============

Tumor metastasis is an intricate sequential process that requires that a discrete population of tumor cells own the capacity to intravasate from the primary tumor into systemic circulation, survive in circulation, extravasate at a distant site, and proliferate in a second microenvironment. Despite many years of basic and clinical research aimed at curbing cancer, metastasis is still a challenging issue and remains the leading cause of cancer-related deaths worldwide.[@b1-ott-8-2973] Recently, epithelial--mesenchymal transition (EMT) and cancer stem cells (CSCs) have been shown to play an important role in cancer metastasis. This review discusses the changes in cancer cells from EMT to acquisition of CSC properties to clarify the molecular mechanisms behind the invasion and metastasis of cancer, which will provide insights for the prevention of tumor metastasis.

EMT in cancer cell invasion and metastasis
==========================================

During cancer progression, some cancer cells from the primary tumor may reactivate a latent embryonic program known as EMT, which has been thought to be a necessary step in tumor invasion and metastasis.[@b2-ott-8-2973] Through EMT, the transformed epithelial cells can obtain mesenchymal traits that seem to contribute to metastasis. Individual cancer cell with a mesenchymal phenotype possesses the ability to cross endothelial barriers and enter blood and lymphatic circulations. Once cancer cells reach their foreign tissue, they no longer encounter the signals that they experienced in the primary tumor, and will invert to an epithelial phenotype via mesenchymal--epithelial transition (MET).[@b3-ott-8-2973] Zinc-finger transcriptional factors, including SNAIL, SLUG, TWIST, ZEB1, SIP1, and E47, play a critical role in inducing EMT through the inhibition of E-cadherin.[@b4-ott-8-2973]--[@b6-ott-8-2973] A large number of pathways, such as TGFβ, Wnt, NF-κB, Notch, integrins, and tyrosine-kinase receptors (EGF, FGF, HGF, PDGF, IGF), among others, have been shown to be crucial in leading to EMT. Functional interaction between these pathways might result in signal amplification and induce EMT and metastasis.

CSCs in cancer cell invasion and metastasis
===========================================

The concept of CSCs was first put forward in liquid tumors (myeloma and leukemia) when only a small percentage (1%--4%) of cancer cells were observed to proliferate extensively and form colonies.[@b7-ott-8-2973],[@b8-ott-8-2973] Currently, a growing body of evidence supports the view that cancers are diseases driven by a subpopulation of self-renewing CSCs, which have been found in hematopoietic[@b9-ott-8-2973],[@b10-ott-8-2973] and solid tumors, including brain cancer,[@b11-ott-8-2973] breast cancer,[@b12-ott-8-2973] head and neck cancer,[@b13-ott-8-2973],[@b14-ott-8-2973] colon cancer,[@b15-ott-8-2973] lung cancer,[@b16-ott-8-2973] prostate cancer,[@b17-ott-8-2973]--[@b19-ott-8-2973] and ovarian cancer.[@b20-ott-8-2973] CSCs have the capacity to differentiate, self-renew, acquire drug resistance, anchor independently, and migrate.[@b21-ott-8-2973] They can generate diverse tumor cells to maintain long-term growth and self-renewal to sustain their own population. A variety of developmental signaling pathways, such as the Wnt, Notch, Hedgehog, BMP, FGF, IGF, and TGFβ pathways, are known to affect stem cell self-renewal and differentiation.[@b22-ott-8-2973] The most widely used method for identifying CSCs involves sorting viable cells based on the expression of surface markers, such as CD10, CD24, CD44, CD133, Bmi-1, SCF, ABCG2, c-Kit, ALDH1, Oct3/4, Sox2, Notch-1, Nanog, nestin, p63, and α~2~β~1~-integrin.[@b23-ott-8-2973]--[@b25-ott-8-2973] CSCs have been shown to initiate and sustain primary tumor growth, drive seeding, and establish metastases at distal sites,[@b26-ott-8-2973] and targeting their eradication may hold promise for ultimately effective cancer treatment.

Relationship between EMT and CSCs
=================================

The association of CSCs with EMT in cancer was established only recently, as similarities in these two fields were noted for contributing to tumor recurrence, metastasis, and drug resistance. EMT has been confirmed to play a critical role in tumor metastasis and recurrence, which have been shown to be tightly linked with the function of CSCs.[@b27-ott-8-2973]--[@b30-ott-8-2973] However, the molecular mechanism through which cells with EMT transform stem-like cells remains to be addressed.

Reports have demonstrated that cells undergoing EMT can acquire stem cell-like characteristics, which indicated an interesting conjunction between EMT and stem cells.[@b31-ott-8-2973],[@b32-ott-8-2973] Breast epithelial cells induced into EMT have been shown to have similarity with mesenchymal stem cells in gene-expression profile, multidirectional differentiation, and ability to migrate toward wound sites.[@b33-ott-8-2973] Mani et al found that EMT induction in human mammary epithelial cells could lead to the acquisition of mesenchymal morphology and the expression of mesenchymal markers, which increased the CD44^+/high^/CD24^−/low^ subpopulation with stem cell properties. They also found that transformed human mammary epithelial cells showed effective tumor-initiating ability through EMT.[@b27-ott-8-2973] Similar results were found by Morel et al[@b34-ott-8-2973] and Dyck et al.[@b35-ott-8-2973] Gupta et al showed that the induction of EMT in transformed HMLER breast cancer cells increased the population of CD44^+/high^/CD24^−/low^ cells, which enhanced a \~100-fold greater mammosphere-forming ability than their epithelial phenotypic cells and increased drug resistance related to the biology of CSCs.[@b36-ott-8-2973] It has also been reported that cancer-associated fibroblast-induced EMT in prostate carcinoma cells overexpressed stem cell markers, as well as formed spheres and self-renewed.[@b37-ott-8-2973] This suggested that stem cells can adopt a mesenchymal phenotype without losing their pluripotency, and mesenchymal status seems to be a condition to regain pluripotency. However, widespread consensus on their description and definition is still lacking. In the present review, we bring together the current evidence leading to an increased understanding of the connection between EMT and CSCs.

Signaling pathways linking EMT and CSCs
=======================================

The signaling pathway links between EMT and the gain of CSC properties are still not explicit; however, the formation of EMT and CSCs has been shown to be a dynamic process, and it is triggered by multiple cellular signaling pathways, such as TGFβ, Wnt/β-catenin, Hedgehog, Notch, and others ([Figure 1](#f1-ott-8-2973){ref-type="fig"}).[@b38-ott-8-2973]--[@b41-ott-8-2973]

TGFβ signaling
--------------

TGFβ is a multifunctional cytokine, as well as one of the major EMT inducers.[@b42-ott-8-2973] Some groups summarized the complexity of TGFβ signaling during hepatocarcinogenesis, specifically as related to β~2~-spectrin loss and malignant stem cell transformation.[@b43-ott-8-2973]--[@b45-ott-8-2973] Recently, the induction of EMT by TGFβ has been linked to the acquisition of tumor-initiating stem cells (TISCs) in breast cancer. Consistent with this finding, van der Horst et al found that mesenchymal liver cancer with EMT demonstrated TISC characteristics, such as tumor-sphere formation. They also found that TGFβ induced EMT and TISC characteristics through the upregulation of SNAIL and Nanog.[@b46-ott-8-2973] Another study has also shown that the gene-expression profile of the human mammary epithelial cell line introduced by EMT inducers, including TGFβ, closely aligns with a stem cell-like expression profile.[@b47-ott-8-2973] As additional evidence linking EMT to TISCs, TGFβ regulates Nanog expression in human embryonic stem cells.[@b48-ott-8-2973],[@b49-ott-8-2973] Usually, TGFβ works together with Wnt, Hedgehog, Notch, and Ras signaling pathways to induce complete EMT.[@b50-ott-8-2973] However, Tang et al reported that in transformed human breast epithelial cells, TGFβ stimulation reduced the stem cell-like properties, and TGFβ inhibition increased the size of the CSC population and promoted tumorigenesis by another mechanism that was independent of direct effects on proliferation.[@b51-ott-8-2973] Therefore, more work is needed to address these contradictory results on the role of TGFβ signaling in the regulation of tumor-initiating properties and EMT.

Wnt/β-catenin signaling
-----------------------

The Wnt/β-catenin signaling pathway can adjust stem cell renewal and be involved in EMT induction in cancer. Loss of the Wnt antagonist SFRP1 results in the activation of Wnt signaling, EMT, and stem cell-like properties, including the CD44^+/high^/CD24^−/low^ signature.[@b52-ott-8-2973],[@b53-ott-8-2973] It has been found that overexpression of the homeobox protein Six1 in the mouse mammary gland produces highly aggressive tumors with an EMT phenotype, stem cell features, and activated Wnt signaling,[@b54-ott-8-2973] providing in vivo evidence for the emergence of cells with combined EMT--CSC phenotypes. CD24 is a direct target of Wnt signaling and Six1 in mammary epithelial cells, which regulates the population of progenitor cells during EMT induction and obtaining of stem-like traits.[@b55-ott-8-2973],[@b56-ott-8-2973] DiMeo et al discovered that the inhibition of Wnt signaling could reduce the capacity of cancer cells to self-renew, and downregulated the expression of SLUG and TWIST.[@b57-ott-8-2973] Moreover, constitutively activated β-catenin signaling predisposes to tumorigenesis and leads to excessive stem cell proliferation.[@b58-ott-8-2973]--[@b60-ott-8-2973] Nuclear β-catenin is confined to the invasive front of colorectal cancer, and can be regarded as a marker of EMT in vivo.[@b61-ott-8-2973] CD44, a downstream target of the β-catenin signaling pathway, correlates with the activation of β-catenin in TWIST-overexpressing cells. The treatment of Wnt3a can induce the activation of β-catenin and the induction of CD44, suggesting that EMT initiates and primes β-catenin activation, and this activation can be further synergized by the Wnt ligand from the microenvironment of the tumor.[@b62-ott-8-2973] These results together suggest that the treatment of targeting the Wnt/β-catenin pathway can inhibit the stem cell-like properties associated with EMT.

Hedgehog signaling
------------------

Hedgehog signaling has been found to relate to the formation of CSCs and EMT.[@b40-ott-8-2973]--[@b63-ott-8-2973] Reports showed that Hedgehog signaling played a critical role in the maintenance of TISCs and Bmi-1, which may directly mediate Hedgehog signaling in order to confer a self-renewal capacity in TISCs.[@b64-ott-8-2973],[@b65-ott-8-2973] The downregulation of Hedgehog signaling by the inhibitors of Hedgehog inhibits CSCs and EMT, accompanied with down-regulation of SNAIL and upregulation of E-cadherin, cutting down the invasion and metastasis of pancreatic cancer.[@b66-ott-8-2973],[@b67-ott-8-2973]

Notch signaling
---------------

The Notch signaling pathway has been shown to contribute to EMT induction and regulate asymmetric cell-fate decision in human mammary stem cells.[@b68-ott-8-2973],[@b69-ott-8-2973] Many reports have described the close connections between transcription factors regulated by Notch and pathways known to control stem cell function, indicating that Notch is a shared signaling pathway, and may link cancer EMT and CSCs.[@b70-ott-8-2973]

Regulation of CSCs by EMT regulators
====================================

Recent evidence suggests that the expression of certain genes involved in CSCs are influenced by transcription factors of EMT, implicating EMT as potential factors involved in stem cell maintenance. The link between EMT regulators and CSCs points to CSCs as the molecular and cellular explanation for the relationship between EMT and cancer metastasis ([Figure 1](#f1-ott-8-2973){ref-type="fig"}).

TWIST
-----

Some groups showed that cells induced to undergo EMT (by ectopic expression of SNAIL, TWIST, or TGFβ treatment) acquired a CD44^+/high^/CD24^−/low^ signature, similar to a small population of breast CSCs in xenograft models that had been identified to possess a unique ability to form tumors.[@b27-ott-8-2973],[@b71-ott-8-2973] Moreover, Vesuna et al demonstrated the direct involvement of TWIST in producing a breast CSC phenotype through downregulation of CD24.[@b72-ott-8-2973] Another experiment showed that upregulation of TWIST induced EMT in HeLa and MCF7 cells accompanying the gain of stem cell markers, such as overexpression of CD44 and ALDH1.[@b62-ott-8-2973] Mani et al further reported that the induction of nontumorigenic, immortalized human mammary epithelial cells by TWIST or SNAIL led to the loss of epithelium and the acquisition of mesenchyme concomitant with the acquisition of a CD44^+/high^/CD24^−/low^ expression pattern.[@b27-ott-8-2973] Similar results were also found by Patel et al.[@b73-ott-8-2973] It has also been reported that overexpression of TWIST2 in mammary epithelial cells and breast cancer cells enhanced the size and number of CD44^+/high^/CD24^−/low^ stem-like cell populations and the self-renewal capabilities of stem-like cells.[@b74-ott-8-2973]

At the molecular level, TWIST1 directly stimulates the expression of Bmi-1,[@b75-ott-8-2973],[@b76-ott-8-2973] which encodes a polycomb-group protein that maintains self-renewal through repression of the p16INK4a--ARF locus. The direct activation of Bmi-1 expression by TWIST1 has been revealed by different assays, such as transient transfection, electrophoretic mobility shift, and chromatin immunoprecipitation.[@b21-ott-8-2973],[@b76-ott-8-2973] TWIST1 not only directly activates Bmi-1 expression but also cooperates with Bmi-1 to mediate cancer stemness and EMT.[@b77-ott-8-2973]

SNAIL
-----

Loss of SNAIL in mesenchymal cells can cause downregulated Nanog promoter luciferase activity and the loss of self-renewal characteristics in vitro, which verifies the direct role of SNAIL in some TISC traits. In mesenchymal cells post-EMT, SNAIL can directly control Nanog expression, and loss of SNAIL can control tumor growth without influencing tumor initiation. Inhibition of SNAIL can result in the downregulation of Nanog, Bmi-1, and CD44 and the loss of self-renewal, as evidenced by decreased tumor-sphere formation.[@b78-ott-8-2973] Recent studies have demonstrated that some members of the SNAIL family can confer an EMT phenotype to breast epithelial cells, which can change the cell phenotype from CD44^−/low^/CD24^+/high^ to CD44^+/high^/CD24^−/low^.[@b27-ott-8-2973],[@b34-ott-8-2973] In human colorectal carcinoma tissues, SNAIL regulates expression of *IL8* and other genes to induce CSC activities.[@b79-ott-8-2973]

SLUG
----

SLUG overexpression in MCF-7 cells generates CD44^+/high^/CD24^+/high^ cells with enhanced mammosphere-forming ability.[@b80-ott-8-2973] SLUG highly expressed in basal type breast cancers also tends to express higher levels of stem cell-associated genes, such as *CD133*, *BMI1*, and *KIT*.[@b81-ott-8-2973] Moreover, SLUG^−/−^ embryonic fibroblasts show reduced expression of several genes linked to self-renewal and chromatin remodeling.[@b82-ott-8-2973] It has also been reported that SNAIL and SLUG induce the expression of stem-like promoting genes, such as *NANOG*, *KLF4*, and *TCF4*, to mediate radio- and chemoresistance to ovarian cancer cells.[@b83-ott-8-2973] SLUG has been regarded as a critical regulator of epithelial cell identity in breast development and cancer.[@b84-ott-8-2973]

Other regulators
----------------

Liu and Dean suggested that tumor-sphere cells express ABCG2 on their surface, excluded Hoechst dye, had a CD44^+/high^/CD24^−/low^ cell-surface pattern, and overexpressed the EMT transcription factor ZEB1. More importantly, knockdown of ZEB1 blocked formation of these reprogrammed cells.[@b85-ott-8-2973] Recently, YB1 has been shown to promote SNAIL, TWIST, and SIP1, together with the upregulation of the stem cell markers p63, CD44, and CD10, thus appearing to link the acquisition of the EMT and CSC phenotypes.[@b86-ott-8-2973] Moreover, the molecular targets of YB1 in the MDAMB-231 and SUM149 breast cancer cell lines have been shown to include the stem cell-associated markers CD44 and CD49, as well as c-Kit, Bmi-1, and members of the Wnt and Notch signaling pathways.[@b87-ott-8-2973] Further study demonstrated that the LBX1 protein transcriptionally targets ZEB1, SIP1, SNAIL, and TGFβ~2~. Accordingly, ectopic LBX1 expression in mammary epithelial cells induces EMT, with a concordant increase in mammosphere formation and the proportion of CD44^+/high^/CD24^−/low^ cells.[@b88-ott-8-2973] The homeobox transcription factor Six1 (when activated in transgenic mice) induces an EMT-like conversion and causes mammary gland cancer by increasing the population of cells in mouse mammary tumors displaying CSC markers.[@b89-ott-8-2973] Together, these findings seem consistent with the notion of regulators of EMT as potential factors involved in stem cell maintenance.

On the other hand, CSC markers can inversely regulate EMT transcription factors. Yu et al recently showed that Bmi-1 played a major role in the maintenance of stemness and the metastatic ability of head and neck squamous cell carcinoma (HNSCC) CSCs by regulation of SNAIL expression.[@b90-ott-8-2973] Hu et al demonstrated that downregulation of Oct4 induces an EMT via enhancement of Ca^2+^ influx in breast cancer cells.[@b91-ott-8-2973] Moreover, Oct4 and Nanog controlled the EMT of lung adenocarcinoma cells through activating SLUG.[@b92-ott-8-2973]

miRNAs linking EMT with stem cell signatures
============================================

MicroRNAs (miRNAs) have been shown to regulate the formation of CSCs and the acquisition of the EMT phenotype.[@b93-ott-8-2973],[@b94-ott-8-2973] The discovery of miRNAs has complicated the molecular networks regulating EMT and stemness in cancer metastasis ([Figure 1](#f1-ott-8-2973){ref-type="fig"}).[@b95-ott-8-2973],[@b96-ott-8-2973] miRNAs, small noncoding RNA molecules, can lower gene expression through interacting with seed sequences located in the 3′UTR of multiple target messenger RNAs, which leads to translational repression and degradation of messenger RNAs.[@b97-ott-8-2973]

It has been reported that pancreatic cancer cells with the EMT phenotype display stem-like cell features and promote clonogenic and sphere-forming ability and tumorigenicity in mice, which is associated with the downregulation of miR-200 and/or the let-7 family. Reversal of EMT by reexpression of miR-200 suppresses the prostasphere-forming ability of EMT-type cells and decreases the expression of Notch1 and Lin28B. Loss of Lin28B adds let-7 expression and represses self-renewal capability. These data suggest that miR-200 and let-7 could link cancer stem-like cells with EMT.[@b29-ott-8-2973] The miR-200 family can regulate the processes of EMT by targeting the proteins ZEB1 and ZEB2,[@b98-ott-8-2973] but also relates to stem-like cell signatures by regulating Bmi-1.[@b95-ott-8-2973],[@b96-ott-8-2973] Moreover, EMT and stem cell-like properties associated with miR-205 and miR-200 epigenetic silencing manifest early during carcinogen-induced transformation of human lung epithelial cells.[@b99-ott-8-2973],[@b100-ott-8-2973] In claudin^low^ SUM159 cells, the expression of miR-93 induces MET associated with reduction in TGFβ signaling and downregulates multiple stem cell regulatory genes including *SOX4*, *JAK1*, *AKT3*, *EZH1*, and *HMGA2*, resulting in CSC depletion.[@b101-ott-8-2973] In another experiment, Han et al demonstrated that the inhibition of miR-21 reverses EMT and CSC phenotypes of cancer cells by targeting PTEN via inactivation of the AKT and ERK1/2 pathways.[@b102-ott-8-2973] Targeting of CSCs and EMT-phenotypic cells through selectively changing the expression of specific miRNAs toward removing cancer metastasis and recurrence will help to determine novel therapeutic strategies. The potential synergistic combination of natural compounds that affect critical miRNAs, such as curcumin or epigallocatechin-3-gallate with chemotherapeutic agents will be particularly promising.[@b103-ott-8-2973]

Potential application of CSCs and EMT in cancer biology
=======================================================

The potential application of the identification of this link between CSCs and EMT has just begun, though it is useful. Some groups have tried to apply the molecular mechanism of the link between CSC and EMT to carry on the initial application of cancer treatment. Loss of the tumor suppressor p53 in mammary epithelial cells has been shown to induce EMT and enrich CSCs through repression of miR200c, suggesting that the p53--miR200c pathway can be activated to suppress EMT-associated CSCs to treat cancer.[@b104-ott-8-2973] Overexpression of FoxM1 in pancreatic cancer is responsible for the acquisition of EMT and CSC phenotypes, which is in part mediated through the regulation of miR-200b. More importantly, these processes could be easily attenuated by genistein, a natural chemopreventive agent.[@b105-ott-8-2973] Knockdown of TFAP2C in luminal breast carcinoma cells induces EMT with morphological and phenotypic changes characterized by a loss of luminal-associated gene expression and a concomitant gain of basal-associated gene expression, suggesting that TFAP2C has an important role in regulated luminal-specific genes and may be a viable therapeutic target in breast cancer.[@b106-ott-8-2973] Sumoylation inhibitors facilitate MET activity of the transcriptional factor TFAP, clears the CD44^+/high^/CD24^−/low^ cell population characterizing basal cancers, and inhibits tumor outgrowth of basal cancer xenografts. These findings establish a critical role for sumoylation in the potential application of the link between CSCs and EMT.[@b107-ott-8-2973] The G9a protein could induce EMT and CSC-like properties in HNSCC, and targeting the G9a--Snail axis may represent a novel strategy for the treatment of metastatic HNSCC.[@b108-ott-8-2973]

Conclusion
==========

EMT has been emerging as one of the hottest medical science topics, and the role of EMT in cancer explains part of the mechanism of the initial step of metastasis. The concept of CSCs has been established as a subpopulation of cells within a tumor entirely responsible for tumorigenesis. With the discovery of more molecular knowledge of CSCs and EMT, novel therapeutic strategies could be designed to target CSCs and EMT cells to add drug sensitivity, which will thereby delay tumor progression and metastasis. Taken together, CSCs and EMT seem to be an axis of evil in cancer, for which better understanding may contribute to the appearance of new therapeutic platforms.
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